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During the past decade, the increase and spread of antibiotic
resistance has become a major concern worldwide. Recent
evidence from environmental, human and animal microbial
metagenomic studies shows that antibiotic resistance has an
ancient origin and evolution [1], followed by recent mobiliza-
tion from a gene pool, the so-called resistome [2]. Thus, the
previous dogma that resistance genes have evolved mainly as
a result of the recent clinical use and misuse of antibiotics is
now seriously questioned, although our understanding of the
origins and diffusion of antibiotic resistance in the microbial
community remains low.
Antibiotic resistance genes can be found in human com-
munities living in very remote areas of the planet and with
minimal and hypothetical antibiotic exposure (such as
Peruvian Amazonas), among which high levels of acquired
resistance to antibiotics (ampicillin, tetracycline, trimetho-
prim–sulphamethoxazole, streptomycin, and chlorampheni-
col) and a remarkable diversity of resistance genes and
plasmids have been detected in Escherichia coli [3]. An unex-
pected density of antibiotic resistance genes, including many
newly described determinants, has been discovered by differ-
ent metagenomic studies in soil and in water habitats [2,4,5].
Functional characterization of human gut microbiota has
revealed a large set of antibiotic resistance genes, half of
which have never been described before [6].
Multidrug-resistant E. coli and Klebsiella species carrying
extended-spectrum b-lactamases have been isolated from
municipal waste water treatment plant effluents in the Czech
Republic [7], and tetracycline resistance genes have been
isolated in aquaculture facilities in north-western Wisconsin,
USA [8]. The recent emergence and spread of carbapenem-
ase-encoding genes worldwide in Enterobacteriaceae,
Pseudomonas aeruginosa, and Acinetobacter baumannii, espe-
cially VIM, IMP, KPC, OXA, and NDM, shows how antibiotic
resistance genes can rapidly spread in the bacterial commu-
nity as a paradigm of selfish gene evolution [9]. Carbapenem-
ase-encoding genes are likely to have originated from
environmental bacteria [5], and several bacteria carrying
NDM-1 were found in New Delhi in public drinking water
[10]. Moreover, psychrotrophic bacteria in Antarctic waters
showed antibiotic resistance (to chloramphenicol, ampicillin,
streptomycin, tetracycline, and kanamycin) [11].
Animals are sources of antibiotic resistance genes: blaOXA-
23 carbapenemase-producing Acinetobacter was found in the
cattle gut microbiota [12], extended-spectrum b-lactamase-
producing E. coli was found in seagull faeces, and vanA vanco-
mycin-resistant enterococci were found in faecal samples
from wild mammals [13]. Finally, by functional metagenomics,
a wide diversity of antibiotic resistance genes were found in
herring gull faeces [14]. Multidrug-resistant bacteria were
also found in wild boars [15], great cormorants, mallards
[16], pigs, and rodents [17]. Finally, carbapenemase-encoding
genes have recently been detected by one of us (J.M.R.) in
A. baumannii from human lice in Senegal, where antibiotic
selective pressure is believed to be low (unpublished data).
Moreover, data have accumulated showing that antibiotic
resistance is ancient and pre-dates the modern clinical use of
antibiotics [1,18,19].
Regarding the diffusion and transfer of antibiotic resistance
genes, recent studies have highlighted the major role of
transduction [5]. Bacteriophages are highly abundant in
environmental communities, especially in fresh water, and
b-lactamases have been detected in the viral metagenome of
an activated sludge in the USA [20], as well as in urban sewage
samples in Spain [21]. More recently, Colomer-Lluch et al.
[22]have reported the presence of blaTEM and blaCTX-M, as well
as mecA, in the bacteriophage DNA fraction of environmental
samples, and of various antibiotic resistance genes in bacterio-
phages from faecal waste from cattle, pigs, and poultry [23]. It
has also been reported that bacteriophages may represent a
reservoir of mobilizable antibiotic resistance determinants in
sputum microbiota from cystic fibrosis patients [24]. Finally,
Allen et al. [25] have recently demonstrated that antibiotics in
food induce the transduction of resistance genes.
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In conclusion, the emergence and rise of antibiotic resis-
tance observed worldwide cannot be explained only by the
increasing modern use of antibiotics in humans, but involves
a complex interaction in an ecosystem comprising microbial
communities, antibiotics, and antibiotic resistance genes. This
leads to the new paradigm that most antibiotic resistance
genes should now be considered as genes that naturally exist
in nature [9], and that may emerge from different sources,
and spread in the bacterial community. As an example, the
carbapenemase NDM-1 gene was found to be a chimeric
gene construction resulting from fusion of a metallo-b-
lactamase progenitor with the aminoglycoside resistance
gene aphA6, probably created in A. baumannii [26]. There-
fore, the emergence of new types of antibiotic resistance
and their diffusion cannot be predicted, as our understanding
of their creation, evolution and diffusion is still low. Further
work is needed both to survey different reservoirs and to
discover new and/or emerging resistance genes that may
spread in the bacterial community in the future.
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